LCL filters have been widely used as the interface between inverters and power grids, but damping methods must be taken to solve the resonance of LCL filters. Considering overcurrent protection and inherent active damping, this paper focuses on the inverter-side current feedback (ICF) control. Some literatures have proposed that the capacitor voltage feedforward (CVF) is beneficial to the stability of the ICF control. However, in practical applications, it is found that the ICF control with CVF mainly faces two problems. Firstly, the CVF can be seen as a positive feedback loop, and it tends to cause low-frequency oscillation, especially in weak grid. Secondly, low-frequency harmonics in the grid voltage can easily distort the grid-side current of the inverter, even though the inverter-side current has been regulated well. In order to solve these two problems simultaneously, this paper proposes a novel inverter-side current control method, which adds a high-pass filter into the CVF path. In this paper, the design process of the high-pass filter parameters is analyzed, and the specific voltage feedforward structure of the proposed method to avoid the inverter startup inrush current is also discussed in detail. Simulations in MATLAB/SIMULINK and experiments based on a 6.6 kW prototype have been utilized to verify the effectiveness of the proposed method.
I. INTRODUCTION
Grid-tied inverters are the main devices to connect renewable energy resources to the power grids [1] . In order to attenuate high-frequency harmonics caused by the pulse width modulation (PWM) inverters, a low-pass power filter is often needed. LCL filters are more competitive compared with L filters because of smaller volume and better attenuation capability. However, LCL filters tend to cause resonance problem without proper damping [2] .
Damping methods of LCL filters can be classified into passive damping and active damping. A resistor in series with the capacitor is a common passive damping method of LCL filters [3] . But passive damping causes energy loss and weakens the suppression of high-frequency harmonics. Among the active damping methods, single-variable-feedback control only needs to sample the control target variable, such as the The associate editor coordinating the review of this manuscript and approving it for publication was Alfeu J. Sguarezi Filho .
grid-side current [4] - [6] or the inverter-side current [7] - [9] , so that it is competitive in industrial applications because no additional sensors are required. Moreover, the inverter-side current single-loop feedback control has an inherent damping effect [7] , and the inverter-side current can be also used for overcurrent protection. So this paper mainly focuses on the inverter-side current feedback (ICF) control.
Recently, the effect of the capacitor voltage feedforward (CVF) on the ICF control has been researched in many papers. It is reported that the third-order LCL filter can be simplified to a first-order L filter when the CVF is used [10] , [11] , and the CVF can also improve the robustness of LCL active damping against the grid impedance for the ICF control [12] - [15] . However, although the CVF is helpful for the active damping of the LCL filter at the resonant frequency, the voltage feedforward loop is detrimental to the current control in low-frequency range, especially in weak grids [16] , [17] . In [18] , it is found that if the voltage feedforward coefficient is too large, the low-frequency instability of current control will be caused. In order to resolve this contradiction, this paper proposes to add a high-pass filter (HPF) into the CVF loop. On the one hand, the high-frequency component of the capacitor voltage can still pass the HPF, which can continue to guarantee the damping of the ICF control. On the other hand, in the low-frequency range, the influence of the CVF can be mitigated. Therefore, by selecting the parameters of the HPF carefully, the active damping of the LCL filter is guaranteed, and low-frequency oscillation caused by the voltage feedforward can be also prevented.
Besides, the method of HPF CVF can also solve the problem of the grid low-frequency harmonic distortion for the ICF control of grid-tied inverters. Because the control target of the ICF control is not the grid-side current, the low-frequency harmonics in the grid voltage can generate corresponding harmonic currents flowing through the capacitor freely [19] . To overcome this problem, the capacitor current is sampled by a current sensor as a feedforward part of the inverter-side current reference command in [20] . Similarly, to save the extra current sensor, [21] uses a precise digital differentiator to obtain the capacitor current from the capacitor voltage. However, this kind of method is equivalent to the grid-side current feedback control, and changes the original stability characteristics of the ICF control. Actually, the grid voltage feedforward is the most direct way to reduce the influence of the grid low-frequency harmonics [22] , but it is a little bit different in the case of ICF control. In [23] , [24] , a complete point of common coupling (PCC) voltage feedforward form is deduced to suppress the grid voltage harmonics, but the feedforward form includes a first-order derivative and a second-order derivative, which are difficult to realize in digital domain. In this paper, a simple HPF is added into the CVF loop, and it is not as accurate as the method in [23] , [24] , but it can also reduce the grid voltage low-frequency harmonic pollution of the ICF control effectively.
The organization of this paper is shown as follows: a mathematic model of the ICF control with HPF CVF is established in section II. Section III discusses the stability of the proposed method. The grid voltage harmonic attenuation capability of the proposed method is analyzed in Section IV. A complete ICF control implementation structure and simulation results are shown in Section V. Section VI includes the experiment results based on a 6.6 kW grid-tied inverter prototype. The conclusion is made in section VII.
II. MATHEMATICAL MODEL AND PROPOSED METHOD
A typical grid-tied inverter interfaced with a LCL filter is shown in Fig. 1 , where L 1 , L 2 , C f are the inverter-side inductor, grid-side inductor and capacitor of the LCL filter, and L g represents the grid inductive impedance or the leakage inductance of a transformer.
The parameters of the grid-tied inverter used in this paper is shown in Table 1 . Single sampling is used in this paper, so the sampling frequency and switching frequency are the same. In this paper, the inverter-side currents are sampled for the 
where v i_abc and i i_abc are the output phase voltages and currents of the inverter; v g_abc and i g_abc are the grid phase voltages and currents; v c_abc and i c_abc are the voltages and currents of C f respectively. L T is the sum of the grid-side inductance L 2 and the grid inductance L g . A stationary αβ reference frame is adopted in this paper. Equation (2) can be obtained from (1) through Clarke transform.
Therefore, the transfer function diagram of the ICF control with CVF is shown in Fig. 2 , where G c (z) is the discrete inverter-side current controller; G vf (z) is added into the CVF loop; z −1 represents one cycle computation digital delay; zero-order holder (ZOH) represents the PWM modulation. It should be noticed that the grid voltage v g in Fig. 2 may also contain low-frequency harmonics, in addition to the fundamental frequency component.
The most common CVF form is the unit voltage feedforward, where G vf (z) = 1. However, as mentioned in Section I, the unit CVF has bad dynamic performance in weak grid, and does not have a good attenuation capability of the low-frequency grid voltage harmonics. So this paper proposed a HPF added into the CVF loop, and the expression of the HPF in frequency domain is shown in (3), where H and ω c 
According to the discretization method of Tustin, the discrete expression of (3), can be derived as (4), where T s is the control period.
III. STABILITY ANALYSIS
The resonant frequency of the LCL filter is usually very high. So, the stability at the resonance frequency of the ICF control is very sensitive to digital delay. In order to ensure the correctness of the stability analysis, the accuracy of the system modeling in the high frequency region must be guaranteed. Therefore, the transfer function model of the system in Fig. 2 should be transformed into discrete domain as shown in Fig. 3 , where the grid voltage v g can be ignored temporarily. The continuous part in a hybrid system based on ZOH can be discretized precisely by the z-transform method in [25] . Therefore, the discrete transfer functions G ii (z) and G vc (z) in Fig. 3 can be deduced as
where ω res = 2πf res is the resonance angular frequency of the LCL filer with consideration of the grid inductance, and ω res is expressed by
The most direct way to judge the stability of the system in discrete domain is the pole plot of the closed-loop transfer function. The open-loop and closed-loop transfer functions of Fig. 3 are deduced as (8) and (9) respectively.
First, the pole plots of the closed-loop transfer function T cl (z) of two different CVF forms are drawn in Fig. 4 based on the parameters in Table 1 , where G c (z) is defined as a constant (G c (z) = 1.85), and the grid inductance L g changes sequentially from 0 to 2000 µH. In order to express the varied grid inductance in per unit, the inverter-side inductance of the LCL filter is selected as the reference, so that the grid inductance in per unit represented by L g_pu can be expressed by the ratio of L g to L 1 . In Fig. 4 , (a) represents the no CVF case (G vf (z) = 0), and (b) represents the unit CVF case (G vf (z) = 1), where L g_pu increases from 0 to 5. In Fig. 4 (a) , it is obvious that in the absence of CVF, the ICF control loop is hardly stable, unless the grid inductance is very large. When the unit CVF is adopted in Fig. 4 (b) , the stability of the system is greatly improved, and all the poles are within the unit circle. However, an interesting phenomenon can be seen from Fig. 4 (b) . There are high-frequency and low-frequency poles in the pole plot of the closed-loop transfer function. In the case of the unit CVF, although the highfrequency poles are within the unit circle, the low-frequency poles are gradually moving to the edge of the unit circle as the grid inductance increases. That is to say, as the value of the grid inductance increases, the stability of the system in the low-frequency range is becoming worse (although the highfrequency stability becomes better).
So, it can be seen that the unit CVF shows a good active damping performance, but it is necessary to take measures to avoid the low-frequency oscillation when the grid inductance is large.
Actually, voltage feedforward is likely to cause lowfrequency oscillation of the inverter output current in the case of weak grid [18] . As shown in Fig. 4 (a) , although the high-frequency poles are unstable, the low-frequency poles are in a very safe location. So, in order to maintain the advantage of the CVF in high-frequency range and eliminate the disadvantage in low-frequency range, we can add a HPF in the CVF loop.
There are two parameters ω c and H of the HPF as shown in (4) . In order to reduce the influence of the HPF on the high-frequency components and at the same time try to fully attenuate the low-frequency components in the CVF, the cut-off frequency ω c of the HPF can be designed as (10), where ω res_min represents the minimum resonance frequency of the LCL filter considering the grid inductance L g , and ω res_min can be calculated from (11) . Based on the parameters in Table 1 and supposing L g_max = 800 µH, ω c can be determined as 6280 rad/s.
As for the parameter H in (4), too high H causes lowfrequency oscillations, and too small H causes insufficient high-frequency LCL resonance damping, so the final value of H can be determined by the pole plots under actual parameters. The pole plots of the T cl (z) with different H when the HPF CVF is adopted are shown in Fig. 5 , and the other parameters in Fig. 5 are the same as Fig. 4 . From Fig. 5 (a) to (d), a suitable value of H is 0.5, which can guarantee a good stable margin in both low and high frequency range. The design process of the HPF parameters here is only by simply observing the MATLAB plots. In the appendix section, an optimal HPF parameter design method based on MATLAB program is provided.
Finally, comparing Fig. 4 and Fig. 5 (c) , it is obvious that the HPF CVF can not only ensure effective damping at the resonance frequency of the LCL filter, but also avoid lowfrequency oscillation in weak grid, which is a good method to kill two birds with one stone.
IV. GRID VOLTAGE HARMONIC SUPPRESSION
In practical three-phase applications, the grid voltage will contain some low-order harmonics, such as the 5th, 7th, 11th, 13th, 17th and 19th harmonics. These harmonics cannot be ignored, especially for the ICF control grid-tied inverters. Because the ICF control target is the inverter-side current, the harmonic currents generated by the grid voltage harmonics can flow freely though the LCL capacitors, resulting in severe harmonic pollution in the grid-side currents.
This section shows the research of the grid voltage harmonic attenuation capability of the proposed method, and the main object of the research is the low-order harmonics in the grid voltage, so the analysis process is not very sensitive to digital delay. Certainly, the discrete domain analysis can also be applied in this section, but a disadvantage of the discrete domain analysis method is that the discretization process of the transfer function is very complicated. In order to reduce complex derivation process and make this paper clearer, we decide to analyze in frequency domain in this section. So Fig. 2 can be simplified as Fig. 6 , where assuming I ref = 0. It must be noticed that the transfer function G d (s) in Fig. 6 represents the computation and ZOH delay, and cannot be ignored, otherwise, there will be mistakes during the derivation process. G d (s) can be expressed by (12) according to the Pade approximant, where T d = 1.5 T s . Based on Fig. 6 , the transfer function G vgig (s) from v g to i g can be derived as (13) .
Before discussing the attenuation capability of G vgig (s), it is necessary to illustrate the form of the current controller G c (s), because G c (s) also has a relationship with (13) .
As the stationary αβ reference frame is adopted in this paper, a quasi-proportional-resonance (QPR) current controller is preferred. The design of the QPR controller is independent, because the QPR controller is near the fundamental frequency, and it almost does not affect the damping of the LCL resonance. The QPR controller applied to control the inverterside current is shown as
where K p is the overall gain of G c (s); K r is the fundamental frequency gain; ω 0 is the grid angle frequency. In practice, the grid frequency usually swings within 0.5 Hz (= f i ) from the standard value, so that ω i can be selected as π(= 2πf i ).
In (14), h is the order of the harmonics that need to be suppressed; K rh determines the gain at the harmonic frequency; ϕ h is the phase angle that needs to be compensated. The reason for adding the 5th and 7th resonance controllers in G c (s) is to suppress the 5th and 7th harmonics in the grid voltage and to compensate for the zero-crossing distortion of the current waveform caused by the PWM dead zone. Based on the parameters in Table 1 , all the parameters of G c (s) in (14) can be shown in Table 2 . So, all the parameters in (13) have been obtained (the parameters of the HPF are the same as Section III). In light of (13), there is an ideal situation: if G vf (s) satisfies the condition in (15) , the harmonics of the grid voltage can be totally suppressed. But the condition in (15) includes a first-order derivative and a second-order derivative, which is impractical in digital control system.
Similar conclusion as (15) has been put forward by [23] , [24] . References [23] , [24] mainly focuses on the capability to suppress grid voltage harmonics of the ICF control, and proposes a complete CVF method, where the form of G vf (s) is expressed as (1+sG c (s)C f + s 2 L 1 C f ). In the real applications, the part of s 2 L 1 C f is often omitted, because the value of L 1 C f is very small and the second-order differential s 2 is not applicable in digital control. So, the complete CVF will be analyzed in the form of (1+sG c (s)C f ).
Fortunately, by adding a HPF in the CVF loop can reduce the influence of the grid voltage harmonics effectively too.
It is a very simple method, but has a good performance. In order to clarify the effectiveness of the proposed method, the bode plots of G vgig (s) are drawn in Fig. 7 based on the parameters in Table 1 and 2. In Fig. 7 , two different values of L g has been considered (L g = 0 and 800 µH), and three different CVF forms are compared, and they are unit CVF, HPF CVF and complete CVF.
When L g = 0µH, the unit CVF method shows a good attenuation of the grid voltage v g in the low-frequency range below 350 Hz, but the attenuation capability becomes worse near 950 Hz, and there is an obvious resonance peak at the frequency of 950 Hz. In general, the largest value of this resonance peak is still under 0 dB line, so it still has a certain attenuation effect on the grid voltage harmonics. As for the HPF CVF method, this resonance peak at 950 Hz of G vgig (s) can be completely eliminated, so the HPF CVF has a better attenuation effect on 5th to 19th gird voltage harmonics compared with the unit CVF. However, in the frequency band below 350 Hz, the capability to suppress grid voltage harmonics of the HPF CVF is not very strong, but the 5th and 7th resonance controllers in G c (s) can compensate for this deficiency.
When L g = 800µH, the attenuation capability of G vgig (s) on the grid voltage harmonics becomes weak when the unit CVF method is adopted. It can be seen that the resonance peak of G vgig (s) moves down to 550 Hz, and what is worse is that the ability to suppress grid voltage harmonics of the unit CVF is basically none, and it may even amplify the grid voltage harmonics. However, the HPF CVF shows a stable grid voltage harmonic attenuation capability, even in the case of large grid inductance.
From Fig. 7 , It can be indeed seen that the complete CVF method proposed in [23] , [24] has a better suppression effect on the grid voltage harmonics compared with unit CVF or HPF CVF in the low-frequency range. However, the complete CVF has the similar disadvantage (resonance peak) compared with the unit CVF, which can amplify grid voltage harmonics near certain frequencies. Moreover, [23] do not consider the stability of the ICF control under weak grids. The pole plots of the ICF control closed-loop transfer function under varied grid inductance with HPF CVF and complete CVF are compared in Fig. 8 , where the first-order differential in the complete CVF is discretized by the method of Backward Euler. It is obvious that the poles of the complete CVF method gradually approaches the edge of the unit circle with the increase of the grid inductance, which indicates that the stability of the ICF control gradually weakens. So, the HPF CVF method proposed in this paper is more adaptable to weak grids. Therefore, the HPF CVF method proposed in this paper can greatly improve the attenuation capability of the ICF control on the grid voltage harmonics, and the method is very simple to implement.
V. CONTROL FRAME AND SIMULATION RESULTS
A three-phase grid-tied two-level inverter simulation model based on MATLAB/SIMULINK is used to verify the controller design of the proposed method in this paper. The controller structure of the simulation model is shown in Fig. 9 . In Fig. 9 , one thing must be emphasized. The voltage feedforward has an another important function that is to prevent the inrush current when the inverter PWM starts. If the HPF CVF method is directly adopted, the low-frequency components in the capacitor voltage will be excessively attenuated, resulting in a small amplitude of the feedforward voltage, which will lead to the inrush current. So additional compensation measures must be taken to prevent the inverter starting inrush current. The method adopted in Fig. 9 is to divide the HPF CVF into two parts. The first part is the highpass-filtered capacitor voltage, and the second part is the fundamental frequency component of the capacitor voltage. The fundamental frequency component can be obtained by the DDSRF-PLL [26] . The DDSRF-PLL can be seen as a PLL plus a prefilter as shown in Fig. 9 . The capacitor voltage filtered by the prefilter can be approximately considered as a pure fundamental frequency component, which is only used for the prevention of the inrush current, and will not affect other characteristics of the ICF control. Therefore, according to the CVF structure in Fig. 9 , when SW is at 1 position, it means no CVF; when SW is at 2 position, it means the HPF CVF; when SW is at 3 position, it means the unit CVF.
The hardware parameters of the simulation model are shown in TABLE 1, and the control parameters are shown in Table 2 . In the simulation, the peak value of the grid phase voltage is 155 V, and the inverter dc-side voltage is 320 V. The dynamic process of the waveforms is recorded when the peak value of the current reference command steps from 0 A to 28 A.
To further illustrate the effectiveness of the voltage feedforward structure in Fig. 9 , the inverter startup current simulation waveforms are shown in Fig. 10 , where Fig. 10 (a) represents only using the high-pass-filtered capacitor voltage, and Fig. 10 (b) represents using the high-pass-filtered capacitor In Fig. 10 , at the time of 0.02 s, the inverter control is started, and the current reference command is 0 A. It is obvious that if only the high-pass-filtered capacitor voltage is applied, there will be huge inrush currents (close to 80 A) at the moment of starting, which is very dangerous and impractical. However, if the voltage feedforward structure in Fig. 9 (SW is at 2 position) is adopted, the inrush current can be almost completely eliminated as shown in Fig. 10 (b) .
In Fig. 11 , the ICF control without CVF is tested when the grid inductance is 0 or 800 µH. It can be seen that when the CVF is removed, the ICF control cannot keep stable, regardless of the value of the grid inductance. But when L g = 800µH, the current waveforms seems a little bit more stable, which is consistent with the analysis in Fig. 4 (a) . In Fig. 12 (a) , the unit CVF is used in the ICF control. Comparing Fig. 11 (c) and Fig. 12 (a) , the unit CVF improves the stability of the grid-side current significantly when L g = 800µH. However, the unit CVF also brings another problem. When the inverter controller starts to work at 0.05 s in Fig. 12 (a) , there is an obvious oscillation process in the red circle, because the voltage feedforward tends to result in low-frequency oscillation in weak grid as shown in Fig. 4 (b) . In order to solve this problem, the HPF CVF is adopted in Fig. 12 (b) . It is clear from Fig. 12 (a) and (b) that the HPF CVF can effectively reduce the oscillation during the gridside current step process, which is beneficial to the stability of the system.
To test the grid voltage harmonic attenuation capability of the proposed method, one percent 5th and 11th harmonic voltages are added into the grid voltage v g in Fig. 13 . It is obvious that there is serious harmonic pollution in the grid-side current in Fig. 13 (a) when the unit CVF are used, but when the HPF CVF method is used, the total harmonic distortion (THD) of the grid-side current is greatly reduced. Moreover, in Fig. 14, the fast Fourier transform (FFT) analysis is applied to the grid-side current simulation waveforms of Fig. 13. Fig. 14 (a) are the FFT results of the unit CVF method, and Fig. 14 (b) are the FFT results of the HPF CVF method. By using the method of HPF CVF, the THD of the grid-side current can be reduced from 5.55% to 1.74%, and the suppression of the 11th harmonic is particularly obvious. Therefore, the HPF CVF method can improve the grid voltage harmonic attenuation capability of the ICF control. 
VI. EXPERIMENT RESULTS
In order to verify the effectiveness of the proposed method experimentally, a 6.6 kW three-phase grid-tied two-level inverter low-voltage prototype is utilized. The parameters of the prototype are also shown in TABLE 1. The experimental prototype is introduced in Fig. 15 . The dc side of the inverter is supported by a programmable dc power supply, and the output current flows through an isolated transformer into the grid. In the experiment, the dc-side voltage is 320 V, the peak value of the grid phase voltage is 166.6 V, and the active power current of 28 A peak value is injected into the grid. For the inverter prototype, an 800 µH inductor is adopted to simulate the grid inductive impedance, and the leakage inductance of the isolated transformer is about 20 µH. The parameters of the controller G c (z) are the same as that have been achieved in section V. Firstly, the line voltage v g_ab waveform of the grid voltage is recorded in Fig. 16 , and there are obvious 5th, 7th, 11th, 17th and 19th harmonic voltages in v g_ab through the FFT analysis. So it is very important to pay attention to the grid voltage harmonics suppression. 
A. UNIT CAPACITOR VOLTAGE FEEDFORWARD
The experiment results of the unit CVF method is shown in Fig. 17 , where channel 1 of the oscilloscope represents the waveform of the capacitor voltages v C_ab , and the gridside current i g_a are recorded by channel 3. The experiment waveforms of the HPF CVF method in Fig. 18 are also recorded in the corresponding form.
In Fig. 17 (a) , when the 800 µH grid inductor is not added to the prototype, the grid-side current i g_a is almost normal. But some small high-frequency harmonics can still be observed. This phenomenon can be explained by Fig. 7 . In Fig. 7 , it can be seen that the unit CVF method does not have a good attenuation capability around 17th and 19th harmonics, so the 17th and 19th harmonic voltages in v g_ab can easily affect the waveforms of i g_a . This situation becomes worse as shown in Fig. 17 (b) when L g = 800µH, because the unit CVF almost cannot suppress the 11th and 13th harmonics of the grid voltage at all, so that there are obvious 11th harmonic current in i g_a , which is similar as the simulation results in Fig. 13 (a) . Besides, the dynamic performance is also tested during i g_a steping from 0 A to 28 A when L g = 800µH in Fig. 17 (c) . Due to the interference of harmonic currents in i g_a , it is difficult to distinguish the dynamic changes of i g_a , but the dynamic performance can be seen from the capacitor voltage v C_ab , and the dynamic performance of the ICF control seems not very good, because a little bit large oscillation appears in v C_ab during the current step.
B. HPF CAPACITOR VOLTAGE FEEDFORWARD Fig. 18 (a) and (b) are the steady-state waveforms when using the HPF CVF method under L g = 0 and 800 µH respectively. It can be seen that no matter whether L g = 0 or 800 µH, the grid-side current i g_a can maintain a good fundamental frequency sine waveform, and the THD of i g_a is much lower than that when the unit CVF method is used. The dynamic process of the current step is also shown in Fig. 18 (c) . Compared with Fig. 17 (c) , the oscillation of the capacitor voltage v C_ab at current step is significantly smaller than that of the unit CVF method, so the proposed HPF CVF can improve the dynamic performance of the ICF control, especially under a large L g .
VII. CONCLUSION
This paper has proposed a novel inverter-side current control method of the LCL-filtered grid-tied inverter by adding a HPF into the feedforward loop of the LCL capacitor voltage. This method is very simple to implement, and can improve the dynamic performance and the grid voltage harmonic attenuation capability of the ICF control. Finally, the effect of the proposed method is verified by the experiment results based on a grid-tied inverter prototype.
APPENDIX
An optimal HPF parameter design method is provided in this section.
According to the feedback control theory, the poles of the closed-loop transfer function can most directly reflect the stability of the system. So the first thing is to obtain the expression of the closed-loop transfer function T cl (z) of the ICF control. From (5) to (9) , the complete expression of T cl (z) can be expressed by (A1), where the current controller G c (z) can be defined as a constant K c .
In (A1), it is very difficult to express the poles of T cl (z) with an accurate formula by solving D = 0. However, with the help of computers, we can get the numerical solution of the poles under different conditions. Next an optimal HPF parameter design method based on MATLAB program will be introduced.
The parameter design of the HPF is not a simple singleobjective optimization problem, but a trade-off between two goals. In this paper, the HPF is added in the CVF path to achieve two goals at the same time: ensuring proper damping of the LCL filter at the resonant frequency and avoiding low-frequency oscillation of the ICF control under weak grids, so that the parameter design of the HPF needs to consider both aspects. However, these two goals are usually conflicting. For example, as shown in Fig. 5 , it can be seen that when the value of H is large, the damping effect of the LCL filter at the resonant frequency is good, but the risk of low-frequency oscillation under weak grids is increasing; when the value of H is small, the situation is reversed. So it is necessary to define an evaluation function that can reflect both goals.
In Fig. 5 , it can be seen that there are always 5 poles of the closed-loop transfer function for the ICF control with HPF CVF, regardless the value of the grid inductance or the parameters of the HPF (this conclusion can be proved by (A1), because the highest order of z in the denominator of T cl (z) is 5th). Generally, in discrete domain analysis, if the pole of the closed-loop transfer function is closer to the origin (0, 0), the more stable the entire control system is. Therefore, we can define the sum of the distances of all poles of the closed-loop transfer function from the origin as a sign of judging the stability of a closed-loop control system. However, it should be noticed that the farther a pole is from the origin, the more it affects system stability. In order to select the optimal parameters of the HPF more effectively, we need to weight the distance from the pole to the origin rather than simply using the actual distance from the pole to the origin. For example, if the actual distance from the pole to the origin is D x , the weighted distance D xw can be expressed as (A2).
The plot of (A2) is shown in Fig. 19 , where D x increases from 0 to 1. From Fig. 19 , it can be seen that when the actual distance D x is larger, the weighted distance D xw increases faster. Besides, the changes of the grid inductance L g should also be taken into account. From Fig. 5 , it is obvious that on the one hand, when the grid inductance L g = 0µH, the damping of the LCL filter at the resonant frequency is weak, but with the increase of L g , the damping of the LCL filter becomes better; on the other hand, when the grid inductance L g = 0µH, the risk of low-frequency oscillation is low, but with the increase of L g , the risk of low-frequency oscillation gets higher. So, the minimum and maximum values of L g must be considered during the design process of the HPF parameters. With that in mind, the final expression of the evaluation function should be defined as (A4).
EF _final =
EF(L g = min) + EF(L g = max) 2 (A4) Therefore, an optimal HPF parameter design method can be described as: constantly changing the value of the HPF parameters, and calculating the EF _final values under different HPF parameters, and then comparing the EF _final values to find out the minimum value of EF _final , and selecting the HPF parameters corresponding to the minimum EF _final value as the optimal parameters. Based on the simulation and experiment parameters above, a matlab program example of is shown as follows.
Fs=12000;%control frequency Ts=1/Fs; z=tf('z',Ts); Cf=30e-6; L1=400e-6; L2=190e-6; Kc=1.85; wc=2 * pi * 1000; EFfinal=1000;%initial value of EF Hfinal=0;%initial value of H for H=0:0.01:1; Lg=0e-6;%Lgmin LT=L2+Lg; wres=sqrt((L1+LT)/(L1 * LT * Cf)); A=(z^2-2 * z * cos(wres * Ts)+1); B=((wc * Ts+2) * z+(wc * Ts-2)); N=(Ts * Kc * A * B+LT * Kc * sin(wres * Ts)/wres/L1 * (z-1)^2 * B); D=(z * (z-1) * (L1+LT) * A * B-2 * H * LT * (1-cos(wres * Ts)) * (z-1)^2 * (z+1)+N); Tcl=N/D; Pmin=pole(Tcl); Dmin=sum(abs(Pmin)); EFmin=sum(abs(Pmin). * 10.^(abs(Pmin))); Lg=800e-6;%Lgmax LT=L2+Lg; wres=sqrt((L1+LT)/(L1 * LT * Cf)); A=(z^2-2 * z * cos(wres * Ts)+1); B=((wc * Ts+2) * z+(wc * Ts-2)); N=(Ts * Kc * A * B+LT * Kc * sin(wres * Ts) /wres/L1 * (z-1)^2 * B); D=(z * (z-1) * (L1+LT) * A * B-2 * H * LT * (1-cos(wres * Ts)) * (z-1)^2 * (z+1)+N); Tcl=N/D; Pmax=pole(Tcl); Dmax=sum(abs(Pmax)); EFmax=sum(abs(Pmax). * 10.^(abs(Pmax)) ); EF=(EFmin+EFmax)/2; if EF<EFfinal EFfinal=EF; Hfinal=H; end end By running the above MATLAB program, the optimal value of H can be selected as 0.47 (represented by ''Hfinal'' in the MATLAB program) under the condition of ω c = 6280 rad/s, which is very close to the value (H = 0.5) obtained by comparing the MATLAB plots in Fig. 5 . Certainly, if the result is not satisfactory, we can also continue to change the value of ω c to find more suitable ω c and H as the HPF parameters.
